Cyclopentadiene (CPD) is an important intermediate in the combustion of fuel and formation of aromatics. Specifically, the reaction kinectis of H atom and CPD including abstraction and addition play significant roles in the polycyclic aromatic hydrocarbons (PAH) formation and fuel consumption.
accurate prediction of fuel consumption and molecular weight growth. Whereas the barrier height for the C-C fission of 1,4-pentadiene-1yl radical (C=CCC=C*) predicted by Zhong and Bozzelli [19] was reported to be 3.5 kcal/mol lower than that from Moskaleva and Lin [24] , which would lead to the uncertainty of rate constants by a factor of at least 3-5 at flame temperatures. Besides, only the high pressure limit (HPL) rates of 1,4-pentadiene-1yl radical (C=CCC=C*) decomposition are available in the current chemistry models. According to previous studies on thermal decomposition of C3H7 [25] and C4H7 [26] , the decomposition of such "weakly-bound free radicals" is far away from the HPL under combustion conditions. Hence the pressure-dependent kinetics on the C5H7 PES is highly desired.
In the present study, systematic study of the full potential energy surface (PES) of CPD + H system with the emphasis on exploring the addition and abstraction as well as the associated isomerization, decomposition and chemical activation reactions was explored. High pressure limit rate constants of the hydrogen abstraction reactions by hydrogen atom was computed using the conventional transition state theory, while the time-dependent, multiple-well master equation (RRKM/ME) was employed to derive the temperature-and pressure-dependent rate constants for the hydrogen addition reactions as well as the subsequent isomerization, decomposition reactions. The calculated rate constants were then fitted to functions in Arrhenius form and incorporated into the ITV Mech [23, 27] to examine the effects of pressure-dependent kinetics on model predictions of CPD pyrolysis and combustion as well as aromatics formation from various fuels in a wide range of operating conditions.
Methodology

Theoretical calculation
Reactions of hydrogen abstraction/addition of CPD, isomerization between the cyclo-and straight-C5H7, and the decomposition channels were fully explored using electronic structure calculations. The optimized geometries of all stationary points of reactants, transition states, wells and products on the PES of CPD + H were obtained using density functional theory (DFT) with the hybrid exchange-correlation functional M06-2X [28] and the 6-311+G(d,p) basis set. The vibrational frequencies and zero-point energies (ZPEs) were calculated at the same level and scaled by a factor of 0.97 [29, 30] . Restricted and unrestricted DFT were employed to closed-shell molecules and open-shell species, respectively. The transition state was confirmed to have exactly one imaginary frequency and connect to the corresponding reactants and products on both sides by the intrinsic reaction coordinate (IRC) analysis at the same level of structure optimization and frequency analysis. The multi-reference characteristic parameter, T1 diagnostics, were examined for all the species involved in this study by CCSD(T)/cc-pVTZ calculations and found to be smaller than the thresholds (for closed-shell species is 0.02 and the open-shell species is 0.045) [31, 32] as listed in the Supplementary Material. This indicated that the reactions considered in the current study were weakly correlated and the singlereference method was reliable to obtain energies of reactions and barrier heights. Single point energies (SPEs) were calculated at the CCSD(T)/cc-pVDZ and CCSD(T)/cc-pVTZ levels. Then the energies were extrapolated to the complete basis set (CBS) limit according to the two-point scheme proposed Truhlar [33] : (1) where E HF and E cor are the Hartree-Fock (HF) and the correlation energies; For CCSD(T) method, exponent parameters of a and b equal 3.4 and 2.4; X = 2 and 3 represent the basis-sets of cc-pVDZ and cc-pVTZ, respectively. All the quantum chemistry calculations were performed by the Gaussian 09 program package [34] . 
For reaction channels with a well-defined transition state, as the hydrogen abstraction from CPD, high-pressure coefficients were obtained based on conventional transition state theory (TST) through employing the rigid-rotor harmonic-oscillator (RRHO) approximation for all degrees of freedom of CPD and transition states. For the hydrogen addition and other associated reactions on the CPD+H PES, the temperature and pressure dependent rate coefficients were calculated by Rice-Ramsperger-Kassel-Marcus/Master Equation (RRKM/ME) with the temperature ranging from 800 to 2500 K and pressure from 0.01 to 100 atm. The low-frequency modes of the internal rotors such as methyl and ethyl like torsions of species were treated as 1-dimensional hindered rotors [35, 36] with hindrance potentials computed at the level of M06-2X/6-311+G(d,p) same with the geometry optimization and frequency analysis. For other vibrational modes, harmonic oscillator assumptions were employed to evaluate the densities of states for stationary points. The asymmetric Eckart tunneling model [37] was taken into account for tunneling correction, which provides similar results to small-curvature tunneling (SCT) approximation above 500 K [38] . The 'single-parameter exponential down' model [39, 40] expressed by <ΔEdown> = 400 × (T/300) 0.7 cm −1 was used as the energy transfer model in MEs, which has been widely used in the study of CPD/CPDyl and aromatics [9, 41] . The L-J parameters for the interaction between the reactants and the bath gas Ar were the same with the previous study of CPD + H system by Moskaleva and Lin [24] , for Ar, σ = 3.47 Å, ε = 79.23 cm −1 ; for CPD, σ = 5.78 Å, ε = 273.8 cm −1 . The phenomenological rate coefficients for reactions involved in the PES of hydrogen addition and associated reactions were computed by using the MESS code [42] through solving the MEs based on chemically significant eigenstate approach proposed by Miller and
Klippenstein [43] [44] [45] . All the temperature and pressure dependent rate coefficients of the investigated reactions were fitted into the single Arrhenius equations as a function of temperature,
where A is the pre-exponential factor in the unit of cm 3 mole -1 s -1 or s -1 , T is the temperature in units of Kelvin, n is the temperature exponent, Ea is the activation energy in the unit of cal/mol. The rate coefficients of the reactions of kinetic importance at different pressures were fitted in "PLOG" formats as shown in the Supplementary Materials, which can be readily used in the hierarchical development of reaction mechanisms for CPD pyrolysis and oxidation.
Thermodynamic data
The thermodynamic data (formation enthalpy, entropy and heat capacity) of species such as C5H6, C5H5 and C5H7 isomers shown in the PES of CPD + H were determined using the calculated energies, frequencies and barriers at the CCSD(T)/CBS//M06-2X/6-311+G(d,p) level of theory. The standardstate of heat formation, , was computed from the atomization energy and the experimental heats of formation of the atoms in Eq. 3,
where xj is the number of atom type j in the molecule, is the experimental formation enthalpy of atoms at zero Kelvin from NIST-JANAF [46] . is the atomization energy of the molecule expressed as,
where E0,j is the calculated total electronic energy of the atom type j including spin-orbit corrections,
E0 is the CCSD(T)/CBS electronic energy of the molecule, and EZPE is the M06-2X/6-311+G(d,p) zeropoint energy scaled by 0.97 [29, 30] . In addition, the thermochemical values based on the additivity methods proposed by Benson [47] are summaried in Table 1 for comparsion. Difference between the two sets of enthalpy values are smaller than 2 kcal/mol for most of the species, which are within the estimated uncertainty limit of the computational enthalpy values [48] . However, the difference in enthalpy increases to as large as about 3 kcal for branched-C5H7 and even 5 kcal/mol for RSR 1,3-
Pentadien-5-yl. Similarly, the entropy values determined using computational methods are similar to those calculated using THERM, with differences ranging between 0.0 and 3 cal/mol/K, except for W1, allylic cyclopentenyl, which is as large as 6.5 cal/mol/K. W1, W2 and W3 are all five-member rings and their entropy should be similar as well as relative higher than C5H5 and C5H6. However, results from THERM based on group additivity indicates the entropy of C5H6 and W1 are similar and much lower than the other two cyclopentenyl radicals. The thermochemical parameters were calculated in 100 K increments from 300 to 3000 K, and the results were then fitted to the standard 14 parameter NASA polynomial which were detailed in the Supplementary material. Table 1 Thermochemical values of some key intermediates lying in the PES of CPD+H (ΔH298 in the unit of kcal/mol, and S298, Cp in the unit of cal/mol/K)
Kinetic modeling
The computational results including both the kinetics and thermodynamics data of the initiation reactions of CPD were incorporated into the ITV mechanism, which contains sub-mechanisms for base, C5, and PAH chemistry. A detailed description of the ITV mechanism can be found in Ref. [23, 27] . For convenience, this base and updated mechanisms were referred to as 'ITV Mech' and 'ITV Mech_updated' hereafter, respectively. For reactions with rate constants greater than 100 cm 3 or s −1 at 750 K, the threshold proposed by Rashidi et al. [49] , were included in the mechanism.
Therefore, in total, 14 reactions (hydrogen addition and abstraction of CPD, isomerization among C5H7 isomers, unimolecular decomposition of C5H7 isomers and chemically activated reactions) were updated or added in the ITV Mech as listed in the Supplementary Materials.
To reveal the impact of the reactions involved on the CPD + H potential energy surface (abstraction, addition, isomerization and decomposition reactions) on CPD combustion, the laminar flame speed of CPD and species mole fraction profiles in both the pyrolysis and oxidation conditions were simulated and compared with experimental data. The laminar flame speed of cyclopentadiene was determined by Ji et al. [15] in a counterflow configuration under ambient pressure with equivalent ratio from 0.7 to 1.5. Numerical simulations were performed using the in-house code FlameMaster version 4.1.0 [50] . The effect of the gridpoint on the accuracy of the results was evaluated and was found that a gridpoint of 800 was enough to avoid the discretization error and ensure a good accuracy of the calculations. The experiments of both the pyrolysis and oxidation of cyclopentadiene were studied by Butler and Glassman [16] in the Princeton's turbulent adiabatic plug flow reactor at 1 atm with varied equivalent ratios and initial temperatures. In the present study, the pyrolysis condition with ϕ = 97.8 at T0 = 1202 K and oxidation condition with ϕ=1.03 at T0 = 1198 K were simulated and the time evolution of the species mole fraction profiles predicted using both the ITV Mech and ITV Mech updated were compared against the experimental data. Besides acting as a fuel in the combustion, cyclopentadiene is also an important intermedium species in the combustion of large hydrocarbons.
Here the combustion of n-heptane in the counterflow burner at 1 atm was compared against key intermediate species from mass spectrometric studies.
Pressure-dependent reaction kinetics
Potential energy surface
The molecular structure of the CPD as well as the C-H bond dissociation energies (BDE) of CPD at 298.15 K calculated at the CCSD(T)/CBS//M06-2X/6-311+G(d, p) level of theory are shown in which is thermally unfavorable compared to the isomerization to form W2. The isomerization between W2 and W3 is not included in the PES as it the isomerization is indirect. That is, W2 firstly form the intermediate specie of cycC4cycC3, which, however, needs to overcome a tight three-membered ring transition structures, which has high strain energy. The above three cyclopentenyls (W1, W2 and W3)
can experience the ring-opening through C-C β-scission by forming the straight-chain C 5 H 7 radicals (W4, W5, W6, W7). The barrier height of W1 to 1,4-pentadiene-3yl (W4) and W2 to 1,4-pentadien-1yl (W6) are about 45 kcal/mol, which are about 15 kcal/mol higher than the homolytic C-C cleavage of W3 to 1-pentyn-5-yl (W5) or 1,2-pentadien-5-yl (W7). Therefore, the isomerization reactions between allylic (W1) and alkylic (W2) cyclopentenyl are competitive to their dissociation channels, while that of vinylic cyclopentenyl (W3) favors the dissociation channels than its isomerization.
Compared to the other three straight-chain C 5 H 7 radicals, W4, a resonance stabilized radical, has the lowest energy. The isomerization among the above four straight-chain radicals are significantly higher than the dissociation channels by C-C β-scission as indicated in the PES. Here, only the isomerizations among the four straight-chain radicals directly generated from cyclopentenyl radicals are considered in the PES as the barrier height of their isomerization to the rest pentadieneyl and pentynyl radicals by hydrogen transfer are much tight (at the energy of at least 30 kcal/mol above the reactant) than their dissociation channels. For W5, W6, and W7, the dissociation channel includes both C-H and C-C βscissions except for W4 that only has the C-H β-scission. The barrier heights of the C-H β-scissions of W5, W6, W7 are 15.4, 13.1 and 9.9 kcal/mol higher their C-C β-scission channels, respectively.
Specifically, the most feasible path for W6 is to C 2 H 2 and allyl (A-C 3 H 5 ), whose energy lies in the bottom of the products in the addition channel. The low energy exit channels for W5 and W7 lead to the product of C 2 H 4 and propargyl (C 3 H 3 ), which are 9.96 kcal/mol above the reactant. The above exit channel is comparable to the reaction pathway to form P1 (C 2 H 2 and allyl), which, however, is missing in the previous studies of the C 5 H 6 +H reactions [19, 24] and kinetics model of cyclopentadiene chemistry.
Despite the isomerization between cyclopentenyl radicals and straight-chain C 5 H 7 radicals, the formation of branched C 5 H 7 radicals is also favored as indicated in the PES. The isomerization paths from straight-chain 1,2-pentadien-5-yl (W7) to branced isopentadiene radical (W9) involve W7-TS78-W8-TS89-W9 through passing a four-membered cyclic backbone transition state (TS78). The highest bottleneck in the above isomerization paths is 13.5 kcal/mol, much lower than the dissociation channel of W7, which are at energies of 23.3 kcal/mol (C-C β-scission) and 33.2 kcal/mol (C-H β-scission). It indicates that the isomerization path from straight-chain W7 to branched C 5 H 7 W9 should play a significant role comparing to its consumption routes. The above isomerization from straight-chain C 5 H 7 to branched C 5 H 7 is relatively easier than the isomerization from the straight-chain C 4 H 7 to branched C 4 H 7 as the transition state with the three-membered rings has higher strain energy than the four-membered rings [26] . The exit channel for W9 by C-C β-scission to form vinyl (C 2 H 3 ) and allene (A-C 3 H 4 ) is at the similar energy to its isomerization to isoprene radical (W10), indicating the above two routes compete with each other. Compared to W9, the exit dissociation channels of W10 requires low energy barriers. Specifically, the lowest energy route leads to methyl (CH 3 ) and vinylacetylene (C 4 H 4 ), and the other is vinyl and propyne (P-C 3 H 4 ). The energy of propyne is found to be 0.8 kcal/mol lower than that of allene in the present study, which is 0.9 kcal/mol from QCISD(T)/ cc-pvtz calculations by Miller and Klippenstein [44] . Energies of some stationary points on the PES are selected and summarized in Table 2 TS10P3   TS10P5  TS9P4   TS7P2   TS6P1   P6   TS5P2   TS6P7   TS7P6   TS5P7   TS4P6   TS910   TS89   TS78   TS56   TS47   TS46   TS37  TS35   TS26   TS13   TS14   TS12  TS2  TS1   TS to be barrierless at both the G2M level [24] and CBS-QB3 level of theory [53] , and 2.70 kcal/mol by PM3 method [19] . The results based on the G2M method [24] are overestimated by about 3 kcal/mol compared to that from the CCSD(T)/CBS, which is similar to that from CBS-QB3 method [53] . The semi-empirical method of PM3 has a deviation of about 5 kcal/mol except for TS14, the transition state of the W1 and W4, by about 25 kcal/mol. Such a huge difference in the barrier height could give rise to severe uncertainties in the rate constant. However, the reaction kinetics of C5H6 + H based on the PM3 level of theory is currently the most widely used in the chemical kinetics models, such as USC Mech II [21] , Aramco Mech 2.0 [22] , ITV Mech [23] . 
Reaction kinetics of hydrogen abstraction reaction of cyclopentadiene
The hydrogen abstraction reaction of the cyclopentadiene by hydrogen atom is calculated based on the conventional transition state theory. The high-pressure limit (HPL) rate constants of the hydrogen abstraction reactions at three different sites of the CPD are illustrated in Figure 3 . The rate constants for hydrogen abstraction at site 2 and site 3 are quite similar as indicated in Fig. 3(b) .
Difference in the barrier height of the hydrogen abstraction leads to great difference in the reaction rate particularly at low temperature regions. It is approximately three orders of magnitude larger for the reaction at site 1 than that at the other two sites at 800 K, and the difference decreases with the increasing temperature as it comes to two times at 2500 K. In kinetics models, only the reaction at site 1 is considered. The rate constants of the above three hydrogen abstraction reactions from the the rate rule are also included in Fig. 3 . It overpredictes the hydrogen abstraction rate constants at site 1 by about five times, while underpredicts that at site 2 and 3 compared to our present results.
Theoretical studies the hydrogen abstraction from CPD mainly focuses on the reaction at site 1.
Therefore, the rate constant of hydrogen abstraction at site 1 from the present study is compared with those from experiments [17, 55] and theoretical studies [19, 20, 24, 56, 57] as shown in Fig. 3 (a) . The hydrogen abstraction reaction is one of the most important and sensitive reactions of fuel consumption and aromatics formation. However, large discrepancies of up to a few orders of magnitude exist among the reported rate constants and kinetics models. Specifically, Roy et al. [17, 55] estimated the rate constant by fitting to the experimental data of CPD oxidation. This rate constants was usd in ITV Mech [23] . Emdee et al. [56] obtained the reaction rate based on the analogous exothermic reactions with formaldehyde [18] . Zhong and Bozzelli [19] applied the semi-empirical PM3 method to derive the hydrogen abstraction rate and it was used in Aramco 3.0 [22] . Moskaleva and Lin [24] calculated the HPL rate constant from transition state theory with energies at the G2M(RCC, MP2) level, which was adopted in the USC Mech II [21] . Since the barrier height from our current study is 0.8 kcal/mol lower than that from Moskaleve and Lin [24] , it leads to a difference in the reaction rate by a factor of 1.5 at 2500 K. Djokic et al. applied analogy rules to derive the rate constant of the hydrogen abstraction reaction, which is used in the CRECK Mech [57] . It should be noted that the reaction rate from our present study lies in between the reported rate constants. 
Hydrogen addition reaction of cyclopentadiene
The hydrogen addition reaction at sites 2 and 3 by forming allylic cyclopentenyl (W1) and alkylic cyclopentenyl (W2) are important entrance channels on the C5H6 + H PES. The rate constants of the above addition reactions are illustrated in Fig. 4 (a) and (b), respectively, together with the HPL rate constants from literatures [19, 58] . Similarly, the rate constants of the above two addition reactions vary with temperature and pressure and obvious fall-off effect is observed at high temperatures. The derivation of the rate constants to the HPL rate constants increases with the increasing temperature as well as decreasing pressure. Taking the hydrogen addition reaction R4 for example, at 1000 K, the rate constant at 0.01 atm is three times smaller than the HPL rate constants, whereas the difference increases to two orders of magnitude at 1500 K. Besides, the fall-off effect takes place above 1500 K at 100 atm, and it decreases to the temperature lower than 800 K at 0.01 atm. Therefore, the rate constants of H addition to CPD under typical combustion conditions are probably far from their high pressure limit. This emphasizes the necessity of using accurate pressure-dependent rate coefficients in combustion mechanisms. Moreover, the rate constant presents a negative trend and as pressure increases its rate constant gradually becomes negligible. This phenomenon originates from competition between collision and chemical reaction. The allylic and alkylic cyclopentenyl radicals are thermally unstable at high temperatures. This consequently leads to a negative temperature dependence of the rate constant at high temperatures, which is enhanced with the decreasing pressure.
The HPL rate constants of the above two hydrogen addition reactions are overpredicted based on the RGM rate rule [58] by a factor of 3-5. The rate constant for hydrogen addition to CPD at site 2 was about one half of that at site 3 provided by Zhong and Bozzelli [19] based on PM3 calculations as the barrier heights of the H addition at both sites were reported to be the same, which however has a difference of 1.7 kcal/mol in our current study. This consequently underestimates the rate constant for hydrogen addition at site 2 for the temperature of interest and overestimated that at site 3 below 2000 K. The formation of the RSR W4 from reactant of C5H6 + H through "well-skipping" pathways is the most energetically favorable and kinetically significant among other wells on the C5H6 + H PES. Figure 5 shows the rate constants of the well-skipping reaction of R6: C5H6 + H ↔ W4 at pressure from 0.01 to 100 atm. The reaction of C5H6 + H to branched RSR W9 is also included in Fig. 5 as it is the most stable branched C5H7 radical on the PES. W9 is proceeded over multiple transition states from reactants, and the transtiton state of TS13 at an energy of 32.6 kcal/mol is the bottleneck of the above pathway. This directly leads to the differec in the reaction constant of R6 and R7 by two orders of magnitude. The rate constants of the above two well-skipping reactions present a complex pressure and temperature dependence. The rate coefficient at high pressures overcomes that at low pressures at the high temperature region, while it comes contrary at the low temperature region resulting from the multi-well property of the reaction. Take C5H6 + H ↔ W4 for example, at 0.01 atm the reaction constant is quickest below 900 K and it goes contrary at high temperatures. In addition, the rate constants of C5H6+H ↔ W4 from Moskaleva and Lin [24] at 1 and 20 atm are also shown in Figure 5 , which present a similar temperature and pressure dependence. However, the HPL rate constant of reaction R6 provided by Zhong and Bozzelli [19] is greatly overpredicted in the temperature range of interested. The rate constants for the formation of W3, W5, W6, W7, W10 as well as the fourmembered radicals of W8 and W11 are not reported as these well are chemically unstable at fairly low temperature and their rate constants are also quite low, which are not the focus of the current study. reactions are significantly important for the fuel consumpation and their product are sentensive to aromatic formation. Therefore, precise reaction kinetics of the above two reactions are indispensable for kinetics model prediction. The pressure and temperature dependent rate constants of the above five reactions give similar temperature and pressure dependence. Therefore, only two of the most largest rate constants of the formation of P1(C2H2+A-C3H5) and P2(C2H4+C3H3) are considered and plotted in Figure 6 , and the others are detailed in the Supplementary Materials. Generally, the rate constants present a negative pressure dependence, which reach their low pressure limit above 2000 K. Rate constants of the formation of P1 and P2 are comparable, while in most of the kinetics model, such as USC Mech II [21] , Aramco Mech 2.0 [22] , ITV Mech [23] , only the formation of biomolecular P1 is considered for the C5H6 + H reaction. Moreover, in previous quantum chemistry calculates [19, 24] , only P1 is considered in the PES of C5H6 + H. Furthermore, the product of C3H3 from the reaction of C5H6 + H↔ P2 is a key species for aramotics formation. Compared to the rate constants for R8 provided in the literatures [19, 23, 57] , it is found our results lies in between especially at high temperature regions. Specifically, Zhong and Bozzelli [19] and Narayanaswamy et al. [23] overpredicted the rate constants, while Djokic et al. [57] underpredicted the rate constants at high temperatures but overpredicted at low temperatures. For the formation of P2 from R9, the estimated rate constant [59] is added for comparison, which is larger than the rate constant obtained from current study. The derivation decreases with the increasing temperature as it is roughly one order of magnitude larger at 2500 K and five orders of magnitude at 800 K, 0.01 atm. indicating the addition channel is favored at low temperatures and high pressures. On the contrary, the branching ratios of the formation of W4 and W9 by "well-skipping" reactions increase with the increasing pressure and temperatures. the addition reaction R4 and R5 dominate at low temperatures, as their branching ratios decrease significantly with the increasing temperature. For the well-skipping reaction of R6, its branching ratio firstly increases with the increasing temperature and then decreases, which is preferred to be important at high temperatures and pressures. However, for the reactions of R8 and R9, the branching ratios increase with the increasing temperature and become more important at high temperatures. In general, the reaction of CPD with H radical contributes to molecular growth at high pressures and tends to produce bimolecular products that promote chain branching at low The reaction kinetics of CPD and H was studied by Roy et al. [17] by performing the pyrolysis and oxidation reaction of CPD in the shock tube at pressures between 0.7 and 5.6 bar. Since the results from experiments are not product specific, the rate constants of CPD + H includes all the available channels at the pressure of 0.1, 1 and 10 atm from our current study are shown in Figure 4 . Besides, the experimental data are presented in circles [55] and squares [17] as well as the result from previous theoretical calculation at the G2M(RCC, MP2) level of theory at 2 bar [24] . The experimental data is found to be around the predicted rate constant at 0.1 atm from our calculation, The predicted rate constants at 0.1 atm and 10 atm differ by a factor of 2-3. According to Roy et al. [55] that an improved calibration of H-absorption profile yielded the change of reaction rate by a factor of 2.8. Therefore, the predicted reaction rate of C5H6 + H is within the experimental uncertainties. Moreover, the individual rate constants from the abstraction (R1, R2 and R3) and addition channels at 1 atm are plotted respectively. It is notably that the C5H6 + H reaction is govered by the abstraction reactions at high temperatures, whereas the addition channel becomes important at low temperatures. Rate constants calculated by Moskaleva and Lin [24] at 2 bar is much larger than the experiment data especially at temperature lower than 1250 K, and it is found to have a negative temperature dependence, which is on the contrary to the experimental result. Our results well capture the trend of the rate constant and temperature. Figure. 8. Arrhenius plot of the total reaction constants of C5H6 + H from experiments at 0.7-5.6 bar [17, 55] , previous study at 2 bar [24] and the present study from 0.1 to 10 atm.
Dissociation reactions of C5H7 isomers
The dissociation reactions of C5H7 isomers are discussed in this section. Firstly, the high pressure limit rate constants of ring-opening reactions through C-C β-scission of cyclopentenyl radicals (W1, W2 and W3) to straight-chain C5H7 isomers (W4, W5, W6, W7) are illustrated in Figure 8 . Rate constants of W1↔W4 and W2↔W6 from Zhong and Bozzelli [19] based on quantum chemistry and RRKM calculations, and that of W3↔W5 and W3↔W7 are estimated [60] based on the correlations proposed by Heyberger et al. [61] are also included in Figure 9 for comparison. The pressure dependent rate constants of the above dissociation reaction are detailed in the Supplementary Materials, which all present obvious fall-off effects at high temperatures. The dissociation rate constants of W1 to W4 is slightly lower than that of W2 to W6 as the barrier height of the two transition states are 44.58 and 43.6 kcal/mol, respectively. However, the HPL of the above two reactions are much lower than the rate constants provided by Zhong and Bozzelli [19] by orders of magnitude, especially for the dissociation of W1 to W4. It is about one order of magnitude smaller than that from Zhong and Bozzelli [19] at 2500 K, and it increases to about 6 orders of magnitude at 800 K. Such large difference comes from the underestimating the barrier height of T14 resulting from the difference in the prediction of barrier height of the isomerization from W1 to the linear RSR W3. That is, the barrier height by CCSD(T)/CBS//M06-2X/6-311+G(d, p) is 26.6 kcal/mol higher than that predicted using PM3 method, which has been discussed in Section 3.1. For the disscoaiton reactions from vinylic cyclopentenyl (W3) to W5 and W7, their HPL rate constants are similar, but at least two orders of magnitude larger than that of W1↔W4 and W2↔W6. The estimated rate constants [61] are roughly one order of magnitude smaller than the that from our current study. Figure 9 . High pressure limit rate coefficients of dissociation reaction of cyclopentenyl to straightchain C5H7 isomers, the soild lines are from present study and the the dashed lines are from literatures (W1↔W4 and W2↔W6 [19] , W3↔W5 and W3↔W7 [60] ). The color of the lines are related to specified reactions.
Afterwords, the dissociation reaction of straight-chain C5H7 isomers (W4, W5, W6, W7) and the branched C5H7 isomers (W9, W10) as discussed and the total dissociation rate constants of high pressure limit are illustrated in Fig. 10 . For RSR W4, only the C-H fission is feasible, and that for branched RSR W9 is the C-C fission. However, For W5, W6 and W7, there are both C-C and C-H fissions, and for W10, there exits two kinds of C-C fission. For RSR W4 and W9, their dissociation channels are the slowest among their isomers. The predicted dissociation rate constants increase from W7, W5 to W6, in accordance with their dissociation thresholds displayed in Fig. 2 . The difference is about one order of magnitude in the ranges of temperature and pressure of interest. For the dissociation of W10, it is at the same magnitude of W7, W5 and W6. Generally, the dissociation rate increases with the increasing pressure. Obvious fall-off effect was observed for the dissociation of the above two C5H7 isomers at high temperaures. Because of the well merging effect, the dissociation rate constants are missing at low temperature and low pressure regions.
The high pressure dissociation rate constants of W5 dissociation estimated by [60] based on the correlations proposed by Heyberger et al. [61] is close to the result calculated based on current study, with a derivation less than two times. However, for the dissociation reaction of W6 to C2H2 and A-C3H5, the HPL rate coefficient provided by Zhong and Bozzelli [19] based on the semi-empirical method has a derivation of one order of magnitude smaller at 2500 K and becomes one order of magnitude larger at 800 K. This discrepancy originates from both energy differences and the hindered rotor treatment. As shown in Table 2 , the barrier height at the level of PM3 is about 5.3 kcal/mol lower than that at the CCSD(T)/CBS level, while for the treatment of hindered rotors of the straight-chain W6, the torsions were assumed to have identical hindrance potential. However, as depicted in Fig. 3 , they vary notably with molecular structures. In the current study, the hindrance potential for each rotor was carefully examined. 
Kinetic modeling
Reaction rates on C5H6 + H PES from the current study were incorporated into the ITV Mech [2, 23] to further explore the effects of the missing reaction pathways as well as the pressure-dependent reaction kinetics on model prediction in several reported combustion experiments [15, 16] , such as premixed laminar flame speed of cyclopentadiene flames [15] , the pyrolysis and oxidation of cyclopentadiene [16] . Details of the kinetic model and modeling have been provided in Section 2.3.
Premixed laminar flame speed
Firstly, the laminar flame speeds of cyclopentadiene/air mixture are simulated and compared against experimental result from Ji et al. [15] , which were determined in a counterflow configuration at atmospheric pressure and for a wide range of equivalence ratios of 0.7 ≤ ϕ ≤ 1.5 at T0 = 353 K. Figure 11 shows the results of laminar flame speeds of cyclopentadiene/air flames in experimental [15] and model prediction using ITV Mech as well as the updated ITV Mech. It is noteworthy that the updated ITV Mech improves the model prediction especially for fuel-rich conditions, while that for the fuel lean region, it is still within experimental uncertainty. The reaction pathway of CPD flames under fuel rich conditions were argued to result in substantial formation of propargyl and acetylene, exerting a strong influence on flame propagration [41] . 
Pyrolysis and oxidation of C5H6
To further explore the effects of the C5H6 + H kinetics on model prediction, both the pyrolysis and oxidation conditions of C5H6 were studied based on the original and updated ITV Mech and compared against experiments performed at varied concentration, equivalence ratio and initial temperature in the Princeton's adiabatic, atmospheric pressure flow reactor [16] . Here the predicted mole fraction profiles were shifted by 20 ms to match the fuel conversion in experiments, which was employed a usual practice to eliminate the experimental uncertainties in the zero-time specification [57] . Figure 12 and 13 compare the species mole fraction profiles predicted using both the original and updated ITV Mech and the experimental measurements in the pyrolysis condition at ϕ = 97.8, T0 = 1202 K, and the oxidation condition at ϕ =1.03, T0 =1198 K, respectively. Generally, the predicted mole fractions agree reasonably well with the experimental measurements especially in oxidation conditions. Significant improvement in the model prediction of the C2 and C3 species were observed by incorporating the updated C5H6 + H reactions for both conditions, whereas the predictions of benzene and naphthalene changes slightly. It is notably that the benzene is well captured in both the original and updated ITV Mech, while the naphthalene is under-predicted in pyrolysis conditions, which, however, has an opposite trend in the pyrolysis condition in the oxidation condition. 
Conclusions
Cyclopentadiene (CPD) is an important intermediate in the combustion of fuel and formation of aromatics. Specifically, the reaction kinectis of H atom and CPD including abstraction and addition play significant roles in the polycyclic aromatic hydrocarbons (PAH) formation and fuel consumption.
In the present study, the kinetics and thermodynamic properties for hydrogen abstraction and addition with CPD, and the related reactions including the isomerization and decomposition on the C5H7 potential energy surface were systematically investigated by theoretical calculations. High-level ab initio calculations were adopted to obtain the stationary points on the potential energy surfaces of CPD + H. Phenomenological rate coefficients for temperature-and pressure-dependent reactions in the full potential energy surface were calculated by solving the time-dependent multiple-well RRKM/master equation, and the hydrogen abstraction reactions were based on the conventional transition state theory.
In terms of the hydrogen abstraction reactions, the hydrogen abstraction from the saturated carbon atom in CPD is found to be the dominant channel. For the hydrogen addition and the associated reactions on the C5H7 PES, the allylic and vinylic cyclopentenyl radicals and C2H2 + C3H5 were found to be the most important channels and reactivity-promoting products, respectively. Contributions of the addition and abstraction channels were assessed, and the results show that the hydrogen addition reactions are relatively favored over hydrogen abstraction reactions at low temperatures and high pressures. The previously neglected role of open-chain intermediates in the evaluation of the reaction kinetics has been suggested and the corresponding rate constants have been recommended for inclusion in the modeling of the H+ c-C5H6 reaction. Results indicate that the transformation from to straight-chain C5H7 is kinetically unfavorable due to the high strain energy of the 3-membered ring structure of the isomerization transition state. Moreover, the thermodynamic data and the calculated rate coefficients for both H atom abstraction and addition were incorporated into the ITV Mech to examine the impact of the computed pressure-dependent kinetics of C5H6 + H reactions on model predictions. Significant improvement in the laminar flame speed of cyclopentadiene was observed, especially in the fuel-rich conditions. In addition, a noticeable improvement was found for the mole fractions of important intermediate species, e.g., acetylene, ethylene, allene, in both of the CPD pyrolysis and oxidation conditions.
